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(54) An improved optical waveguide device for wavelength demultiplexing and waveguide 
crossing 



(57) A zigzag waveguide device (31) is described 
that includes at least two optical waveguides (32, 34) 
converged at a vertex to form a waveguide overlap 
region (33). Optical loss in the waveguide overlap 
region (33) is minimized by including a narrow gap of 
lower refractive index between the overlap region (33) 
and each waveguide (31, 32). This technique is also 
applied to minimize loss in a region (63) where two opti- 
cal waveguides (61 . 62) cross one another. A mirror (36) 
or optical filter (127a,-127d) reflectively couples the two 
waveguides (32, 34) at the vertex (33). When the cou- 
pling is provided by an optical filter (127a-127d), some 



range of wavelengths is transmitted out of the zigzag 
waveguide device (31), rather than reflected. The trans- 
mitted light may be collected by an output waveguide 
(126a-126d) which is wider than the waveguides (32, 
34) to minimize loss due to divergence. Light exiting the 
device (31) may be coupled directly to a photodetector 
(141) with no intervening optical ftoer. In addition, the 
width of an input waveguide (48) of the zigzag 
waveguide device is tapered to reduce angular spread 
of the light in the zigzag device (31). 
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Description 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 



The present invention pertains to optical communi- 
cations. More particularly, this invention relates to an 
optical waveguide apparatus with various improve- 
ments. 

10 

2. Description of the Related Art 

^ -1 J™*"' wavelen 9 th division multiplexing 
(WDM) introduces a new way of increasing the capacity is 
of fiber optic communications links. In a WDM system 
several independent optical signals, each having a dif- 
ferent optical wavelength, are transmitted through a sin- 
gle optical fiber (either single mode or multimode) from 

2 e * an ^" 9 ^ rt,heSyS,em Attnereceivi "9end 20 
of the WDM system, the different wavelength optical 
signals are detected and separated in accordance with 
their wavelengths. Many different techniques have been 
developed to achieve this wavelength separation. These 

techniques can be referred to as either bulk optics or 2s 
imegrated optics. In a bulk optical system, light from an 
optical fiber is first collimated by a lens. The collimated 
light is then separated into its constituent wavelengths 
using diffraction gratings, dielectric filters, or prisms 
The separated beams are then focused by lenses either 30 
onto separate detectors or into separate optical fibers 
The optical fibers used in a bulk optical system can be 
either multimode or single mode optical fibers. Bulk opti- 
cal systems can be made with low insertion loss and low 
crosstalk interference. ^ 

Disadvantages are. however, associated with the 
bulk optical systems. One disadvantage of the bulk opti- 
cal systems is that they are typically large in size 
Another disadvantage associated is that the bulk optical 
systems often consist of expensive elements and typi- 40 
cally require labor intensive alignment. 

In some prior art integrated optical systems, an 
optical fiber is directly attached to a dielectric 
waveguide. In many such systems, a channel 
waveguide geometry exists which exploits interference 45 
and/or diffraction to separate different wavelength con- 
stituents into separate waveguides. These systems are 
only applicable to single mode ftoers. In other prior art 
integrated optical systems, slab waveguide geometries 
confine the light in one dimension, while allowing the so 
light to diverge in another dimension. Often an ime- 
grated diffraction grating is fabricated in the same sub- 
strate as the slab waveguide, to provide the wavelength 
separation. Such devices are often difficult to fabricate 
and typically have a high insertion loss. ' K 

One prior solution to solving the above-mentioned 
problems is shown in Figure 1. Figure 1 shows a prior 
art zigzag patterned dielectric waveguide demultiplexer 



iP *a? separately detects and extracts the optical sig- 
nals of different wavelengths. In this demultiplexer 10 
.girt containing several constituent wavelengths (eg ' 

iL h ;^ '! C ° Up,ed directly from an eternal opticai 
fiber 12, nto a dielectric channel waveguide struck 13 
of the demultiplexer 10. The structure 13 has a zigzag 
geometry with dielectric interference fitters (eg 15a 
15t 2 or °«»°-band mirrors (e.g.. mirror i 4 j 
attached to each vertex of the structure 13. 

The zigzag waveguide demultiplexer can be used 
with either single mode or multimcde optical fiber 
inputs, in addition, it has most of the advantages that 
toe integrated optical wavelength demultiplexed have 
This means that, with the exception of the filters and 
nmors. a zigzag waveguide demultiplexer is monolithic 
and can be fabricated by batch process. 

One i problem of such a prior art zigzag waveguide 
demultiplexer is that a significant optical loss in the 
device occurs in the region near the minor or optical la- 
ter vertex where two angled waveguides converge. This 
effect is shown in Figure 2. As can be seen from Figure 
z. as light enters the overlap region (i.e.. the shaded tri- 
angle region 13c) between the input and output 
waveguides 13a and 13b of the structure 13. the lighife 

1 T t0 th6 01 3 sin «* e waveguide. 
Because fte light contains rays of many angles (deter- 
mined by the critical angle of the core/cladding index dif- 
ference), divergence occurs in this region 13c. As a 
result, some fraction of the light is not collected in the 
outout waveguide 13b. Figure 2 shows two rays (i e. 
light rays 18 and 19) which are not collected by ttie out- 
put waveguide 13b. This effect is most pronounced in 
highly multimode waveguide devices where the 
Hayleigh range is shorter than the waveguide width. 

SUMMARY OF THE INVENTION 



One of the features of the present invention is to 
provide a compact and cost effective optical demulti- 
plexer for fiber optic communications, whether single- 
mode or multimode fiber is used. 

Another feature of the present invention is to mini- 
mize optical loss in waveguide devices due to diver- 
gence of light in regions where two non-parallel 
waveguides overlap. v 

Another feature of the present invention is to 
improve ttie wavelength selectivity of optical filters used 
in an optical wavelength demultiplexer by reducing the 
divergence of the light incident on the optical filters 

A further feature of the present invention is to allow 
light exiting an optical wavelength demuttiplaxer to cou- 

X2r. t0 3 Ph0t0deteCtor ^ ^ervening 

Described below is a reflectively coupled optical 
wavegu.de structure that includes at least a first and a 
second waveguide converged at a vertex to form an 
overlapping waveguide region. At the vertex, a reflective 
surface couples light from the first waveguide to the sec- 
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ond waveguide. The first and second waveguides and 
the overlapping waveguide region have the same 
refractive index. A first gap is provided between the 
overlapping waveguide region and the first waveguide 
and a second gap is provided between the overlapping 
waveguide region and the second waveguide. The gaps 
have a refractive index lower than that of the first and 
second waveguides and the overlapping waveguide 
region to minimize divergence loss of light due to the 
overlapping waveguide region. 

This concept can also be applied to a planar optical 
waveguide device having two waveguides intersecting 
one another. The intersecting waveguides have a cross- 
over waveguide region. Each side of the crossover 
waveguide region is then separated from remaining por- 
tions of the first and second waveguides by a gap hav- 
ing a refractive index lower than that of the waveguides 
and the crossover waveguide region to minimize diver- 
gence loss of light due to the crossover waveguide 
region. 

In accordance with another aspect of the present 
invention, a zigzag optical apparatus can have a first 
waveguide whose width is tapered from a smaller value 
at the optical input end to a larger value at the optical 
output end, thus reducing the divergence of the light at 
the optical output end. Moreover, a zigzag optical appa- 
ratus is described that is fabricated from a polymer 
material. 

Other features and advantages of the present 
invention will become apparent from the following 
detailed description, taken in conjunction with the 
accompanying drawings, illustrating by way of example 
the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 



Figure 1 shows a prior art zigzag optical waveguide 
demultiplexer; 

Figure 2 shows a portion of the zigzag optical 
demultiplexer of Figure 1 along line 2-2; 
Figure 3 shows a zigzag optical waveguide demulti- 
plexer in accordance with embodiments of the 
present invention; 

Figure 4 shows a portion of the zigzag optical 
-wfluoiyii^o ^omiittipi^xftr ofFigure 3 along line 4-4 
in accordance with one embodiment of the present 
invention; 

Figure 5 is a cross sectional view of the zigzag opti- 



invention; 

Figure 9 illustrates the angular spread reduction of 
light by the tapered input waveguide of Figure 8; 
Figure 10 illustrates no angular spread reduction of 

5 light by a prior art non-tapered input waveguide; 

Figure 11 is a side view the zigzag waveguide 
demultiplexer of Figure 3, showing a trench in the 
substrate of the demultiplexer in accordance with 
one embodiment of the present invention; 

w Figure 12 is a top view of another optical waveguide 
demultiplexer in accordance with another embodi- 
ment of the present invention; 
Figure 13 is a side view of the optical waveguide 
demultiplexer of Figure 12; 

75 Figures 1 4 and 1 5 show other cfirect coupling of an 
optical demultiplexer to an external photo detector 
in accordance with other embodiments of the 
present invention. 

20 DETAILED DESCRIPTION OF THE INVENTION 

Figure 3 shows a dielectric optical waveguide 
demultiplexer 30 that implements embodiments of the 
present invention. The demultiplexer 30 of Figure 3 can 

25 be referred to as a reflectively coupled optical 
waveguide structure or device. The demultiplexer 30 
can also be referred to as a zigzag waveguide demulti- 
plexer because it has a zigzag patterned dielectric 
waveguide structure 31 embedded in a substrate 40. 

30 A zigzag waveguide demultiplexer can be defined 
as a planar optical device that includes two or more opti- 
cal channel waveguides oriented such that two adjacent 
waveguides converge at a vertex. At each vertex of the 
waveguide structure 31, either a reflective mirror (e.g., 

35 the mirror 36) is used to reflect light from one waveguide 
into the subsequent waveguide, or an optical filter (e.g., 
the optical filter 45a, 45b, 45c, or 45d) is used to trans- 
mit light in a particular wavelength range out of the 
waveguide structure 31 while reflecting light in other 

40 wavelength range into the subsequent waveguide, thus 
accomplishing the optical demultiplexing function. 

In one embodiment, each vertex of the zigzag 
waveguide structure 31 has a vertex angle of approxi- 
mately 12°. In other embodiments, the vertex angle can 

45 be greater or less than 12°. For example, the vertex 



angle can pem~ari a n ye uf 3° to45 g — 



cal waveguide demultiplexer of Figure 4 along line 
5-5; 

Figure 6 shows a planar waveguide device that also 
implements one embodiment of the present inven- 
tion; 

Figure 7 shows a similar planar waveguide device 
implemented in accordance with prior art 
Figure 8 shows the tapered input waveguide of the 
zigzag optical waveguide demultiplexer of Figure 3 
in accordance with one embodiment of the present 



The zigzag waveguide structure 31 is formed by a 
number of dielectric channel waveguides 31a-31e, 32, 
and 34. These waveguides 31a-31 e, 32, and 34 are die- 
so lectric layers embedded in a cladding region. The clad- 
ding region can be a dielectric layer on the substrate 40. 
The cladding region can also be the substrate 40 itself. 
The cladding region has a cladding refractive index. The 
dielectric channel waveguides 31a-31e, 32, and 34 
55 have another refractive index which is referred to as the 
core refractive index. The core refractive index is higher 
than the cladding refractive index such that light travels 
within the waveguides 31a-31e, 32, and 34. The differ- 



3 
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ence between the core and cladding refractive indices 
determines, the critical angle of light within the 
waveguries 31a-31e, 32, and 34. The waveguide struc- 

^ "h 8 ^ th6 Substrate 40 usi "3 kno^ 
means and methods. 

In one embodiment each waveguide of the zigzag 
wavegu.de structure 31 is substantially rectangular in 
cross section and is approximately 70 microns high by 
100 m.crons wide. Alternatively, other dimensions and 
shapes can be used for the waveguide structure 31 

In one embodiment the substrate 40 is made of a 
tow refractive index polymer material and the waveguide 
structure 31 is made of a high refractive index polymer 
material. This enables cost-effective fabrication and a 
high degree of mechanical compliance. Alternatively 
otter dielectric materials may be used. For example 
glass can be used to form the waveguide structure 31 * 

As can be seen from Figure 3. light containing sev- 

r u S^? Velen9thS ( *«" X " *3- andX«) is 
coupled directly from an external optical f ber 52 into a 
dielectric channel input waveguide 48 of the demulti- 
plexer 30. The input waveguide 48 then couples the light 

T n Z r Bve9uide *«**• 31 - An optical filter 
(e.g.. the optical filter 45a. 45b 45c. or 45d) is placed at 
a vertex of the waveguide structure 31 to transmit light 
of a particular wavelength out of the demultiplexer 30 
and to reflect light of other wavelengths into a subse- 
quent waveguide of the waveguide structure 31 

In one embodiment, the demultiplexer so'has an 
optical filter at each vertex of the waveguide structure 
31. In another embodiment and as shown in Figure 3 
the vertices of the waveguide structure 31 at the light 
input side of the waveguide structure 31 are coupled 
w* reflective minors and each vertex of the waveguide 
structore 31 at the light output side of the waveguide 
structore 31 is coupled to an optical filter (i.e., the optical 
filter 45a. 45b. 45c. or 45d) of a particular wavelength 

In one embodiment and as shown in Figure 3 the 
input waveguide 48 is embedded in the substrate 40 In 
other embodiments, the input waveguide 48 may be 
Redded in anotne r substrate separate from the sub- 
state 40 in which the zigzag waveguide structure 31 is 
embedded. In one embodiment, the optical path of the 
input waveguide 48 is interrupted by a trench 50. In 
other embodiments, the optical path of the input 
waveguide 48 is continuous. 

Thedemultiplexer 30 can be used with either single 
mode or multimode optical fibers. The demultiplexer 30 
is a compact and monolithic optical device that can be 
fabricated by batch-process. The demultiplexer 30 
implements many embodiments of the present inven- 
tion. Figures 4 and 5 show the waveguide structure 31 
being segmented to reduce coupling loss at waveguide 
intersections in accordance with one embodiment of the 
presert invention, which will be described in more detail 
below Rgure 8 shows the input waveguide 48 of the 
demultiplexer 30 in a tapered shape to reduce diver- 
gence loss in accordance with one embodiment of the 



present invention, which will also be described in more 
detail below. Figures 1 1 through 16 show other embod- 
iments of the present invention, which will be described 
m more detail below. 

5 a ^ A !^? u beseenfromFi 9 ure4 . the waveguides 32 
and 34 of the zigzag waveguide structure 31 converge 
to form a vertex or overlapping waveguide region 33 
Figure 4 only shows a portion of the waveguide struc- 
tore 31 to illustrate one embodiment of le present 
'o invention. Other portions of the waveguide structure 31 
have the similar structure as shown in Rgure 4 

m Figure 4. the vertex region 33 is a triangular 
waveguide region that has the same core refractive 
inaex as that of the waveguides 32 and 34. In fact the 
» triangular waveguide region 33 can be regarded as the 
overlapping region of the waveguides 32 and 34 As can 
be seen from Rgure 4, the vertex region 33 is separated 
from the waveguides 32 and 34 by two gap regions 37 
and 38. Rgure 5 is a cross sectional view showing the 
*> gap region 37 between the waveguide 32 and the trian- 
gular waveguide region 33. 

in tf ^„ a ^ rdanCe Wi1h0ne en^^rt of the present 
invention, the gap regions or gaps 3 7 and 38 are formed 

25 £!£SI materia ' haWi " 9 3 re,mcthre inde * '°wer 
25 tiian that of the waveguides 32 and 34 and the triangu- 
lar waveguide region 33. The gaps 37-38 break a con- 
tinuous optical path of the core refractive index from the 
waveg U! de 32 to the waveguide 34 via the triangular 

so S Ud ^ r ^ ionM ■ Tniscaus ^lightraysbelowthe 
rT ^^^^'^P^ 3 ^ across the gaps 
37-38 with almost negligible Fresnel reflection as ithe 
rays enter and exit the triangular waveguide region 33 
This also causes light rays (e.g. rays 41 and 42) thai 
3s «! n ^ efte ^ an 9 ,e ^enteringorexrtingthe 
^f^rregran 33 to be reflected by the gaps 37-38 
^st as the rays would have been reflected in a typical 

SZ^° Se (e B ' rays 41 ^ *™^ave 
been lost if there were no gaps separating the triangular 
waveguide region 33 from the waveguides 32 ana 34 
40 (as shown in Rg ure 2). In effect, the addition of the gaps 
37-38 segments the waveguides 32 and 34 and con- 
hr.es the light to the width of a single waveguide 
toroughout its entire path, with the exception of the 
shortdistancewithin each of the gaps 37-38. Thus, cou- 
« Pl-ng loss at the waveguide intersection between 
vvaveguides 32 and 34 is reduced. Figure 6 shows 
another application of this idea, which will be described 
in more detail below. M 

™ «, ^ ca " besee "fr°m Figure 4. the width of each of 
so the gaps 37-38 is small, compared to the width of each 
of the waveguides 32 and 34. This causes the diver- 

gTsS aSS0Ciat6d "* 9apS 87 "» to be ne 9«- 

« «, ln ^ eembodiment tne 9aPs37and38arepartof 
55 the substrate 40. In another embodiment, the gaps 37- 
38 are not part of the substrate 40. Instead, the gaps 
37-38 are formed by other dielectric material with a 
refractive index lower than the core refractive index of 
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the waveguides 32 and 34 and the triangular waveguide 
region 33. Again, the difference between the core 
refractive index of the waveguides 32-34 and the refrac- 
tive Index of the gaps 37-38 determines the critical 
angle of light at the interface of the waveguides 32-34 
and the gaps 37-38. The greater the difference, the 
larger the critical angle. 

Figure 6 shows another application of the seg- 
mented waveguide concept. As can be seen from Fig- 
ure 6, two waveguides 61 and 62 of a planar optical 
device 60 intersect to form a waveguide crossover 
region (the shaded region) 63. The waveguides 61-62, 
and waveguide crossover region 63 have the same core 
refractive index. The waveguides 61-62 are embedded 
in a substrate (not shown in Figure 6) having a cladding 
refractive index lower than the core refractive index. The 
waveguide 61 is separated from the waveguide crosso- 
ver region 63 by two gaps 64 and 65. Likewise, the 
waveguide 62 is separated from the waveguide crosso- 
ver region 63 by two gaps 66 and 67. This means that 
the waveguide crossover region 63 is confined by the 
gaps 64-67 rrto a waveguide that is optically coupled to 
(i) an input waveguide portion 61a and an output 
waveguide portion 61b of the waveguide 61 and (2) an 
input wavegude portion 62a and an output waveguide 
portion 62b of the waveguide 62. The gaps 64-67 have 
a retractive index lower than the core refractive index of 
the wavegudes 61-63. In one embodiment the gaps 
64-67 are part of the substrate. In another embodiment, 
the gaps 64-67 are not part of the substrate. 

As can be seen from Figure 6, light rays (e.g., rays 
68 and 69) in the input waveguide portion 61a of the 
waveguide 61 are captured in the output waveguide por- 
tion 61b of the waveguide 61 due to the confined 
waveguide crossover region 63, thus reducing tight loss. 
These light rays would otherwise have been lost in a 
prior art intersecting waveguide structure 80 having a 
non-confined waveguide crossover region 83 as shown 
in Figure 7. Because the gaps 64-67 in Figure 6 confine 
the crossover waveguide region 63 into a short 
waveguide, light rays 68-69 traveling through the 
waveguide crossover region 63 do not enter the other 
waveguide 62 at above the critical angle. This results in 
the light rays 68-69 being captured by the output 

_wa\/pqiiiriP pnrtinn filh 



Figure 8 shows the geometrical pattern of the input 
waveguide 48 of Figure 3 in accordance with one 
embodiment of the present invention. As can be seen 
from Figure 8, the input waveguide 48 has an input 
width W, N at its light input end and an output width 
W OUT at its light output end. wherein W OUT is greater 
than W| N . In one embodiment, the width of the input 
waveguide 48 is linearly increased from W )N to W OUT 
such that the input waveguide 48 has a tapered shape. 
In another embodiment, the width of the input 
waveguide 48 is increased from W (N to W 0UT to form a 
tapered shape in a nonlinear fashion. 

The tapered input waveguide 48 reduces angular 



spread of light rays exiting the input waveguide 48. Fig- 
ure 9 illustrates such effect of the tapered input 
waveguide 48. As can be seen from Figure 9, when an 
incident ray 90, with angle ^ with respect to the optical 

5 axis impinges upon the core-cladding interface of 
tapered input waveguide 48, the reflected ray 91 has a 
smaller angle 8 2 with respect to the optical axis. In this 
way, light exiting tapered waveguide 48 has a smaller 
divergence than light entering tapered waveguide 48. 

w This results in less optical loss throughout the zigzag 
demultiplexer. In addition, the smaller divergence 
results in improved performance of optical fitters 45a- 
45d. As a comparison, Figure 10 shows no angle reduc- 
tion by a non-tapered waveguide 100. The concept of 

is the tapered waveguide 48 can also be applied to the 
waveguides of the zigzag waveguide structure 31. For 
example, the waveguide 32 of Figure 3 can also have a 
tapered shape like that of the waveguide 48 of Figure 8. 
Figure 12 shows another demultiplexer 120 having 

20 a trench 1 25 formed in a substrate 121 for holding opti- 
cal filters 127a through 1 27d in accordance with another 
embodiment of the present invention. Figure 12 is a top 
view of the demultiplexer 1 20. As can be seen from Fig- 
ure 12, the trench 125 is formed in the substrate 121 

25 between the embedded zigzag waveguide structure 1 22 
and a number of embedded output waveguides 126a 
through 126d. Output waveguides 126a through 126d 
have a width higher than the zigzag waveguides 122a 
through 122g. This reduces the optical loss resulting 

30 from divergence of the light in the trench. The trench 
125 can be formed by a dicing saw or, as a further 
example, by etching or excimer laser ablation. 

Figure 13 shows that the output waveguides 126a- 
126d and the substrate 121 are terminated at an angle 

35 to form an angled interface 144 such that light exiting 
the output waveguides 126a-126d can be reflected to a 
plane perpendicular to that of the waveguides 126a- 
126d in accordance with one embodiment of the 
present invention. Figure 13 shows a side view of the 

40 demultiplexer 120. A reflective layer 145 is applied onto 
the angled interlace 144 to reflect the tight from the 
waveguides 126a-126d. Alternatively, reflective layer 
145 can be omitted, and light from the waveguides 
126a-126d can be reflected by angled interface 144 

45 through the phenomenon of total internal reflection. 



This angled interface 144 allows t he d emu rti p lexeM20- 
to be optically directly coupled to photo detectors (e.g., 
the photo detector 141) located beneath the demulti- 
plexer 120. This is convenient when it is desirable to 

so package the demultiplexer 1 20 in a plane parallel to the 
surface of a detector (e.g.. the detector 141). 

In one embodiment, the angled interface 144 is of 
approximately 45°. Alternatively, the angled interface 
144 may be of other angles. 

55 In one embodiment, the angled waveguide inter- 
face 144 is formed using a dicing saw. Alternatively, the 
angled waveguide interface 144 can be formed using 
other known means. 
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Figures 14 and 15 show different direct coupling 
schemes from an optical waveguide device to an exter- 
nal photo detector. As can be seen from Figure 14, the 
optical device 160 has an angled optical fBter 161 cou- 
pled to the waveguide 162 of the device 160. The 
waveguide 162 is embedded in a substrate 165 The 
angled optical filter 161 reflects the light from the 
waveguide 162 to a different plane Figure 15 shows 
another direct coupling scheme for an optical 
waveguide device 1 70. 

In the foregoing specification, the invention has 
been described with reference to specific embodiments 
thereof, ft will, however, be evident to those skilled in the 
art that various modifications and changes may be 
made thereto without departing from the broader spirit 
and scope of the invention. The specification and draw- 
ings are, accordingly, to be regarded in an illustrative 
rather than a restrictive sense. 



w 



15 



Claims 

1. A reflectively coupled optical waveguide structure 
(31), comprising: 

(A) at least a first and a second optical 
waveguide (32, 34); 

(B) at least one overlapping waveguide region 
(33) that allows reflective coupling from the first 
waveguide (32) to the second waveguide (34), 
wherein the waveguides (32, 34) and the over- 
lapping waveguide region (33) have the same 
refractive index; 

(C) a first gap region (37) between the overlap- 
ping waveguide region (33) and the first 
waveguide (32) and a second gap region (38) 
between the overlapping waveguide region 
(33) and the second waveguide (34), wherein 
the first and second gap regions (37, 38) have 
a refractive index lower than that of the 
waveguides (32, 34) and the overlapping 
waveguide region (33) so as to minimize diver- 
gence loss of light due to the overlapping 
waveguide region (33). 

The optical waveguide structure (31) of claim 1, 
where the refractive index of the gap regions (37, 
38) is the same as that of a cladding region (40) of 
the waveguides (32, 34). 

709 waveguide structure (31) of claim 1 

wherein the first and second optical waveguides 
(32, 34) are fabricated in a polymer material. 
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4. 



The optical waveguide structure (31) of claim 1 , fur- 
ther comprising a third optical waveguide (48) hav- 
ing a width which varies from a smaller value at an 
optical input end ( W IN ) to a larger value at an optical 
output end (W OUT ) to reduce the divergence angle 



of the tight at the optical output end (W 0UT ) 

5. The optical waveguide structure (31) of daim 1 
wherein the first waveguide (32) has waveguide 
portion (48) having a width which varies from a 
smaller value at an optical input end (W IN ) to a 
larger value at an optical output end (W OUT ) to 
reduce the divergence angle of the light at the opti- 
cal output end (W 0UT ). 

6. The optical waveguide structure (31) of claim 4 or 5 
wherein the width of the optical waveguide (48) var- 
ies linearly from the optical input end (W IN ) to the 
optical output end(W OUT ). 

T. The optical waveguide structure (31) of claim 4 or 5, 
wherein the width of the optical waveguide (48) var- 
ies quadratically from the optical input end (W, N ) to 
the optical output end (W OUT ). 

I. The optical waveguide structure (31) of claim 1 
wherein the reflective coupling in the overlapping 
waveguide region (33) is provided by an optical fil- 
ter (127a-127d). wherein optical waveguide struc- 
ture (31) further comprises an output waveguide 
(126a-126d) to collect light passing through the 
optical filter (127a-127d), wherein the output 
waveguide has a width larger than the first 
waveguide (32). 

Aplanar optical waveguide device (60), comprising: 

(A) a first waveguide (61); 

(B) a second waveguide (62), intersecting the 
first waveguide (61) to form a crossover 
waveguide region (63), wherein the first and 
second waveguides (61 , 62) and the crossover 
waveguide region (63) have a first refractive 
index; 

(C) a numb®- of gap regions (64, 65. 66, 67) 
having a second refractive index lower than the 
first refractive index, wherein each of the gap 
regions (64, 65, 66, 67) is located between a 
respective one of the first and second 
waveguides (61, 62) and the crossover 
waveguide region (63) to minimize divergence 
loss of light due to the crossover waveguide 
region (63). 

The planar optical device (60) of claim 9. where the 
refractive index of the gap regions (64. 65. 66 67) 
is the same as that of a cladding region of the first 
and second waveguides (61, 62). 
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(54) An improved optical waveguide device for wavelength demultiplexing and waveguide 
crossing 



(57) A zigzag waveguide device (31) is described 
that includes at least two optical waveguides (32, 34) 
converged at a vertex to form a waveguide overlap 
region (33). Optical loss in the waveguide overlap 
region (33) is minimized by including a narrow gap of 
lower refractive index between the overlap region (33) 
and each waveguide (31, 32). This technique is also 
applied to minimize loss in a region (63) where two opti- 
cal waveguides (61 , 62) cross one another. A mirror (36) 
or optical filter (127a,-127d) reflectively couples the two 
waveguides (32. 34) at the vertex (33). When the cou- 
pling is provided by an optical filter (127a-127d), some 
-range-of-wavelengths is t r a n s mi tted out o f t h e zigzag 



waveguide device (31), rather than reflected. The trans- 
mitted light may be collected by an output waveguide 
(126a-126d) which is wider than the waveguides (32, 
34) to minimize loss due to divergence. Light exiting the 
device (31) may be coupled directly to a photodetector 
(141) with no intervening optical fiber. In addition, the 
width of an input waveguide (48) of the zigzag 
waveguide device is tapered to reduce angular spread 
of the light in the zigzag device (31). 
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